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Key Points: 
• We use high resolution ice velocity estimates, and plume modelling and observations to 
investigate drivers of seasonal ice flow variability 
• We observe large seasonal ice flow variations, the amplitude, pattern and longevity of 
which varied between glaciers 
• Seasonal subglacial channel evolution can explain these flow variations, which result in 
minimal inter-annual differences in ice flow
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Abstract 1 
Surface-derived meltwater can access the bed of the Greenland Ice Sheet, causing seasonal 2 
velocity variations. The magnitude, timing and net impact on annual average ice flow of these 3 
seasonal perturbations depends on the hydraulic efficiency of the subglacial drainage system. We 4 
examine the relationships between drainage system efficiency and ice velocity, at three contrasting 5 
tidewater glaciers in southwest Greenland during 2014-2019, using high-resolution remotely 6 
sensed ice velocities, modelled surface melting, subglacial discharge at the terminus and results 7 
from buoyant plume modelling. All glaciers underwent a seasonal speed-up, which usually 8 
coincided with surface melt-onset, and subsequent slow-down, which usually followed inferred 9 
subglacial channelisation. The amplitude and timing of these speed variations differed between 10 
glaciers, with the speed-up being larger and more prolonged at our fastest study glacier. At all 11 
glaciers, however, the seasonal variations in ice flow are consistent with inferred changes in 12 
hydraulic efficiency of the subglacial drainage system, and qualitatively indicative of a flow 13 
regime in which annually-averaged ice velocity is relatively insensitive to inter-annual variations 14 
in meltwater supply – so-called ‘ice flow self-regulation’. These findings suggest that subglacial 15 
channel formation may exert a strong control on seasonal ice flow variations, even at fast-flowing 16 
tidewater glaciers. 17 
Plain Language Summary 18 
Each summer, meltwater produced at the surface of the Greenland Ice Sheet reaches and lubricates 19 
its base, causing the overlying ice to accelerate. Continual water flow during the summer months 20 
melts hydraulically efficient drainage pathways (conduits) into the basal ice, enabling rapid 21 
evacuation of water and causing the overlying ice to decelerate. At fast-flowing glaciers, like those 22 
studied here, basal conduit formation is thought to be disrupted, thereby negating its braking effect. 23 
We test this idea by examining ice flow and meltwater discharge at three ocean-terminating 24 
glaciers, of varying velocities, over five years. Every year, each glacier initially accelerated in 25 
response to surface melting, then decelerated following inferred basal conduit formation. The 26 
acceleration was greater, and deceleration smaller, at glaciers that were faster flowing on average. 27 
At all our studied glaciers, however, we found that the formation of basal conduits caused ice flow 28 
deceleration. This suggests that, even at very fast glaciers, basal conduits can form and exert a 29 
strong control on glacier velocity at seasonal timescales. 30 
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1. Introduction 31 
The dynamic response of Greenland’s tidewater glaciers to changes in environmental conditions 32 
remains a key uncertainty in predictions of future sea level rise (Nick et al., 2013). Each summer, 33 
meltwater produced at the ice sheet surface reaches the ice sheet base, increasing basal water 34 
pressure and causing seasonal speed-ups of both land-terminating glacier margins (Davison et al., 35 
2019) and tidewater glaciers (Moon et al., 2014; Vijay et al., 2019). At land-terminating glacier 36 
margins, continual subglacial water flow during the summer months causes the formation of 37 
hydraulically efficient subglacial channels. These enable the rapid evacuation of meltwater, 38 
decreasing basal water pressure and ultimately cause the overlying ice to decelerate in late-summer 39 
to speeds slower than those prior to the melt season (an ‘extra slow-down’) (e.g. Sole et al., 2013). 40 
In addition, this late-summer extra slow-down scales with meltwater supply such that annually-41 
averaged ice velocity is insensitive to inter-annual variations in meltwater supply – so-called ‘ice 42 
flow self-regulation’ (Sole et al., 2013; van der Wal et al., 2015).  43 
 44 
At tidewater glaciers, however, the relationship between meltwater supply and ice velocity appears 45 
to be more complicated. Whilst the majority of tidewater glaciers undergo a seasonal meltwater-46 
induced speed-up (an ‘early-summer speed-up’), only ~40% of them (Vijay et al., 2019) 47 
experience a seasonal extra-slow down, similar to that of land-terminating margins (so-called ‘type 48 
3’ glaciers; Moon et al., 2014). In contrast, other tidewater glaciers do not undergo an extra slow-49 
down, and instead decelerate back to (but not below) pre-melt season speeds (‘type 2’; Moon et 50 
al., 2014). It has been widely hypothesised (e.g. Sundal et al., 2011; Moon et al., 2014; Bevan et 51 
al., 2015; Kehrl et al., 2017; Vijay et al., 2019) that the extra slow-down occurs at type 3 glaciers 52 
because they develop efficient subglacial channels during summer (as has been inferred at land-53 
terminating margins). Due to the absence of this compensatory extra slow-down, it has been 54 
suggested that type 2 glaciers may accelerate on annual timescales as meltwater supply and the 55 
early-summer speed-up increase in a warming climate. However, the difficulty in measuring ice 56 
velocity close to tidewater glacier termini at sufficiently high temporal and spatial resolution, and 57 
in observing tidewater glacier subglacial drainage systems, has meant that these hypotheses have 58 
not been thoroughly tested, leaving a gap in our understanding of how tidewater glaciers may 59 
respond to seasonal and longer-term variations in meltwater supply.  60 
 61 
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Given the difficulty of observing the necessary components of tidewater glacier systems, much 62 
has been inferred through comparison with land-terminating sectors of the GrIS, which are more 63 
accessible. The similarity in seasonal dynamic behaviour of type 3 glaciers to that of land-64 
terminating glaciers (e.g. Bartholomew et al., 2010, 2011; Sundal et al., 2011) led Vijay et al. 65 
(2019) to suggest that the underlying processes controlling dynamics may be the same. 66 
Specifically, the development of hydraulically efficient channels during the melt season is thought 67 
to reduce water pressure across large areas of the bed (Sole et al., 2013; Hoffman et al., 2016), 68 
leading to the extra slow-down. It is not clear, however, to what extent subglacial channels can 69 
form beneath tidewater glaciers. Theoretically, fast-flowing ice and small hydraulic potential 70 
gradients expedite subglacial channel closure and promote only slow subglacial channel growth 71 
(Röthlisberger, 1972). Therefore, channel formation may be subdued at fast-flowing tidewater 72 
glaciers (Kamb et al., 1987; Doyle et al., 2018), especially where the bed deepens inland. Indeed, 73 
distributed near-terminus subglacial drainage systems have been inferred at fast-flowing tidewater 74 
glaciers (Chauché et al., 2014; Fried et al., 2015; Rignot et al., 2015; Bartholomaus et al., 2016; 75 
Slater et al., 2017; Jackson et al., 2017). On the other hand, runoff-driven buoyant plumes are often 76 
visible adjacent to tidewater glacier termini (e.g. Bartholomaus et al., 2016; Slater et al., 2017; 77 
Jackson et al., 2017), indicating the efflux of large volumes of meltwater from one or more discrete 78 
sources, indicative of efficient subglacial channels. Therefore, it seems that large, efficient 79 
channels can form at times beneath some tidewater glacier margins. However, no studies have yet 80 
linked the occurrence (or not) of these channels to seasonal changes in ice velocity, which would 81 
provide valuable insight into interactions between hydrology and ice dynamics at tidewater 82 
glaciers.  83 
 84 
Here, we investigate the extent to which seasonal changes in ice velocity are controlled by 85 
evolution in the hydraulic efficiency of subglacial drainage at three tidewater glaciers in southwest 86 
Greenland (Figure 1), Kangiata Nunaata Sermia (KNS), Narsap Sermia (NS) and Akullersuup 87 
Sermia (AS), during 2014-2019. To do this, we derive high-resolution velocity estimates close to 88 
the termini of these tidewater glaciers by feature tracking of optical and radar satellite imagery. 89 
We compare these time-series to observations and modelling of environmental forcings and simple 90 
inference of subglacial hydraulic efficiency. The three study glaciers, which are exposed to similar 91 
climatic variability, are representative of a spectrum of medium-sized outlet glaciers, with 92 
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grounding line depths ranging from 60 m at AS to 250 m at KNS, and speeds from ~2 m d-1 at AS 93 
to over 15 m d-1 at KNS. We might therefore expect a range of hydrology-dynamic responses to 94 
similar meltwater supply variability, which should be applicable to many other Greenlandic 95 
tidewater glaciers.  96 
 97 
2. Methods 98 
2.1. Ice velocity 99 
2.1.1. Offset tracking procedure 100 
We estimated ice velocity primarily from feature and speckle tracking of Sentinel-1a and -1b 101 
Interferometric Wide swath mode Single-Look Complex Synthetic Aperture Radar (SAR) 102 
amplitude images, acquired using Terrain Observation with Progressive Scans (TOPS). We 103 
utilised over 350 Sentinel-1a/b repeat-pass image pairs between January 2015 and June 2019. The 104 
majority of pairs acquired since the launch of Sentinel-1b in April 2016 had a 6-day separation 105 
period (baseline), while older pairs had a 12-day baseline. In the following, the first and second 106 
images acquired in a given pair are referred to as the ‘master’ and ‘slave’ images, respectively. 107 
These data were supplemented and the time-series extended back to January 2014 by our own 108 
feature tracking of Landsat-8 imagery and the GoLive dataset (Fahnestock et al., 2015). Below, 109 
we describe the Sentinel-1 and Landsat-8 processing chains. 110 
Prior to tracking, Sentinel image pairs were focused and co-located to within 0.1 pixels in the 111 
Generic Mapping Toolbox for SAR imagery, GMTSAR (Sandwell et al., 2011a,b). Traditional 112 
SAR image alignment, using image cross-correlation or enhanced spectral diversity fails with 113 
TOPS-mode data and is not appropriate over fast-flowing ice, due to coherence loss between 114 
images (Nagler et al., 2015; Sandwell et al., 2011b). Image co-location instead utilised precise 115 
orbit ephemerides (3-5 cm accuracy) prior to August 2018 and restituted orbit data (10 cm 116 
accuracy) afterwards (Fernández et al., 2015; https://qc.sentinel1.eo.esa.int/), and the Greenland 117 
Ice Mapping Project (GIMP) Digital Elevation Model (DEM; Howat et al., 2014), to interpolate 118 
the slave image to the grid of the master image. 119 
For both Landsat and Sentinel image pairs, each image was split into overlapping image patches. 120 
Cross-correlation of corresponding image patches in co-located master and slave images was used 121 
to determine ice displacement during the baseline. Due to the different nominal range and azimuth 122 
resolution of the Sentinel imagery (~2.3 m and ~14.1 m, respectively), the Sentinel images were 123 
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oversampled in the azimuth direction by a factor of two prior to cross-correlation (Khvorotovsky 124 
et al., 2018). To minimise information loss over image patch edges, image patches should be 125 
approximately four times larger than the maximum expected displacement (Thielicke & Stamhuis, 126 
2014). Therefore, Sentinel-1 image patches were approximately 1x1 km (400x100 Single-Look 127 
oversampled range and azimuth pixels), with approximately 800 m overlap in both directions 128 
(300x126 pixels). The smaller computational demands imposed by the 15 m Landsat imagery 129 
allowed us to perform multiple cross-correlation passes on each image pair, resizing and deforming 130 
image patches according the previous pass (Adrian & Westerweel, 2011; Thielicke & Stamhuis, 131 
2014). Image patch size and spacing therefore varied from 480-1920 m and 180-960 m, 132 
respectively, equal in both directions. This enabled us to track features close to the terminus 133 
without sacrificing either resolution or accuracy further upglacier, where flow speeds are lower. 134 
To improve feature identification, we pre-processed images using contrast-limited adaptive 135 
histogram equalisation and a Butterworth high-pass spatial-frequency filter. The latter removed 136 
image brightness variations with a wavelength greater than approximately 1 km (de Lange et al., 137 
2007), ensuring that only smaller, moveable surface features were tracked. 138 
Tracking of the co-located and filtered images was undertaken in MATLAB, within a version of 139 
PIVsuite (Thielicke & Stamhuis, 2014; 140 
https://uk.mathworks.com/matlabcentral/fileexchange/45028-pivsuite) adapted for ice flow. 141 
Computationally efficient sub-pixel displacement estimates for each image patch were made by 142 
obtaining an initial estimate of the cross-correlation peak using a fast fourier transform, and then 143 
up-sampling by a factor of 100 the discrete fourier transform using matrix-multiplication of a small 144 
neighbourhood (1.5x1.5 pixels) around the original peak location (Guizar-Sicairos et al., 2008). 145 
The resulting velocity estimates were filtered in several stages (Figure S1). Correlations with a 146 
signal-to-noise ratio (defined as the ratio of the primary cross-correlation peak to the average of 147 
the remaining cross-correlation field) less than 5.8 were removed (de Lange et al., 2007). 148 
Remaining spurious estimates were removed primarily using an image segmentation filter, a 149 
threshold strain filter (Rosenau et al., 2015) and a kernel density filter based on the paired 150 
displacements in the range and azimuth directions for each image patch (Adrian and Westerweel, 151 
2011). Additional filtering based on velocity magnitude and flow direction removed remaining 152 
spurious estimates. The filtered velocity fields derived from Sentinel-1 imagery were transformed 153 
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from radar to map coordinates using the GIMP DEM (Howat et al., 2014) and were posted on a 154 
150x150 m grid.  155 
For the analysis presented here, we averaged ice velocity within 1x1 km fixed-position regions of 156 
interest, located close to the calving front of each glacier (locations in Figure 1). Only dates on 157 
which more than 50% of the region of interest contained data were sampled. A median velocity 158 
error of 0.06 m d-1 was estimated by sampling velocity over bedrock areas.  159 
 160 
2.1.2. Validation of velocity estimates 161 
To validate our method of velocity estimation, we compared our ice velocity estimates derived 162 
from Sentinel-1 imagery to those from the Programme for Monitoring of the Greenland Ice Sheet 163 
(PROMICE) Sentinel-1 dataset (https://www.promice.dk/) over identical time periods (Figure S2). 164 
We find that our estimates differed from those of PROMICE by 0.25% on average, with a standard 165 
deviation of 4.4% and that this difference was independent of ice velocity. The small, non-166 
systematic difference between our estimates and those of PROMICE arise due to (i) the different 167 
spacing at which the data are binned (150 m for our data and 500 m for PROMICE), (ii) differences 168 
in the size and spacing of image patches used to estimate ice velocity, which will affect the 169 
locations over which velocity is estimated, and; (iii) differences in the degree of post-processing 170 
(Merryman Boncori et al., 2018). 171 
 172 
2.2. Terminus position and ice mélange 173 
For each glacier, we digitised terminus positions from Landsat-8 and Sentinel-2 imagery during 174 
2014-2019 using The Google Earth Engine Digitisation Tool (Lea, 2018). Terminus position 175 
change was calculated using the multi-centreline method in the Margin change Quantification Tool 176 
(Lea, 2018). Ice mélange, and (at KNS) a seasonal ice tongue (Motyka et al., 2017; Moyer et al., 177 
2017), hindered accurate terminus identification typically during November-May each year.  178 
 179 
The timings of ice mélange (and, at KNS, ice tongue) weakening, disintegration and reformation 180 
were identified based on our ice velocity estimates over the mélange and using visual assessment 181 
of satellite imagery. We identified mélange weakening from crack formation, changes in colour of 182 
the mélange (which we interpreted as thinning) and mobility (based on velocity estimates or loss 183 
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of coherence). Mélange disintegration was defined as complete clearing of the mélange from the 184 
fjord adjacent to the calving front. These events likely bracket the period during which buttressing 185 
forces provided by ice mélange decreased each year. During times of cloud cover (when Sentinel-186 
1 images were not available) or image sparsity, we recorded the date of the first clear image. 187 
 188 
2.3. Surface melt and subglacial discharge 189 
We extracted the time-series of average RACMO2.3p2 modelled surface runoff rates (Noël et al., 190 
2016, 2018) within the regions of interest on each of our study glaciers (black boxes in Figure 1). 191 
Using these, we defined the start of the melt season for each glacier as the first day of a period of 192 
at least three consecutive days when the runoff rate was greater than 1 mm water equivalent per 193 
day (i.e. following the Danish Meteorological Institute definition). To gain further insight into 194 
surface meltwater generation, we also analysed air temperature data acquired at PROMICE 195 
weather station NUK_L (https://www.promice.dk/WeatherStations.html), and defined the onset of 196 
positive temperatures as the first day of a period of at least three consecutive days when 197 
temperatures exceeded 0°C. We also estimated subglacial discharge at the terminus of each glacier 198 
using RACMO2.3p2 modelled surface runoff, which was spatially and temporally integrated over 199 
each glacier’s subglacial catchment, delineated using hydropotential analyses (Shreve, 1972) 200 
bounded by BedMachine v3 topographic data (Morlighem et al., 2017). For simplicity, surface 201 
runoff was assumed to access the bed immediately, was routed to the terminus at 1 m s-1 (Cowton 202 
et al., 2013; Chandler et al., 2013) and used to estimate total daily subglacial discharge.  203 
 204 
Our time-series of subglacial discharge at the glacier terminus was derived by making several 205 
simplifying assumptions. To summarise, we assume (i) that meltwater accesses the bed 206 
immediately (no supra- or englacial storage), (ii) that meltwater accesses the bed where it is 207 
generated (no supraglacial routing), and (iii) a subglacial transit velocity of 1 m s-1. We quantify 208 
and discuss the impact of these assumptions on our conclusions in Text S1.  209 
 210 
2.4. Subglacial hydraulic efficiency 211 
We used the visible presence or absence of plumes at the fjord surface adjacent to each glacier, 212 
combined with simple plume modelling, as an indicator of near-terminus subglacial hydraulic 213 
efficiency. Plumes are often, but not always, visible at the fjord surface during summer. Previous 214 
modelling work (Slater et al., 2017) demonstrates that typically, relatively little subglacial 215 
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discharge (< 50 m3 s-1) from a single channel is required to cause plume surfacing at these glaciers. 216 
Therefore, when modelled subglacial discharge is high, yet no plume is observed, one possible 217 
explanation is that subglacial discharge emerged from multiple points along the terminus, such 218 
that the discharge at each outlet was less than ~ 50 m3 s-1 (Slater et al., 2017). Although this does 219 
not provide direct information about the efficiency of the near-terminus subglacial drainage 220 
system, the spatial distribution of water efflux across the grounding line is suggestive of an 221 
‘inefficient’ near-terminus subglacial drainage system (e.g. Slater et al., 2017). 222 
 223 
We recorded the presence of subglacial discharge plumes at the fjord surface using all available 224 
Landsat-8, Sentinel-2 and Sentinel-1 satellite imagery during 2014-2019 (Figure S3). For 225 
simplicity, we adopted a binary system to classify near-terminus subglacial hydraulic efficiency. 226 
When plumes were visible at the fjord surface, we assumed the subglacial drainage system was 227 
efficient. When plumes were not visible, we used buoyant plume theory (Morton et al., 1956; 228 
Jenkins, 2011; Slater et al., 2016) to estimate the minimum number of outlets required to prevent 229 
plume surfacing (assuming discharge was split evenly between outlets as in Slater et al. (2017)). 230 
If two-or-more outlets were required to prevent plume surfacing, we assumed an ‘inefficient’ 231 
drainage system.  We emphasise that we cannot provide more specific information on the likely 232 
morphology of these ‘inefficient’ systems, and that, under the terms of our classification, 233 
‘inefficient’ does not preclude the existence of subglacial drainage channels, so long as not more 234 
than 50% of the total discharge (and normally much less) is carried by a single channel. Very little 235 
is known about drainage system morphology near the termini of tidewater glaciers, but we 236 
speculate that this definition of inefficient could include anything from a linked cavity network or 237 
porous till through to a network of multiple transient channels. 238 
 239 
We forced the plume model (Slater et al., 2016) with our time-series of grounding line subglacial 240 
discharge, while twenty-eight conductivity, temperature, depth (CTD) casts, acquired 32-90 km 241 
from the KNS terminus during 2014-2016 (http://ocean.ices.dk), were used as ocean boundary 242 
conditions (Figure 1; Mortensen et al., 2013, 2014, 2018). The results presented below assume a 243 
half-conical plume geometry (consistent with the geometry of plume surface-expression). Changes 244 
to model boundary conditions (including subglacial discharge) and parameters, within parameter 245 
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uncertainty, resulted in only minor changes to the timing of periods of inferred efficient and 246 
inefficient subglacial drainage (Text S1; Figures S4 & S5).  247 
 248 
On days when it was not possible to make an inference about the efficiency of the subglacial 249 
drainage system, we recorded data gaps. These gaps are due to (i) an absence of satellite images, 250 
(ii) mélange or cloud cover, or (iii) insufficient subglacial discharge for a single modelled plume 251 
to reach the fjord surface. In addition, there may be periods erroneously classified as ‘inefficient’ 252 
during times when (i) plumes did reach the fjord surface, but were not visible in satellite imagery 253 
(e.g. due to the plumes being below the resolution of the satellite image); or (ii) there was some 254 
other reason for lack of plume surfacing, such as freshening of the fjord surface due to iceberg 255 
melt and surface runoff (De Andrés et al., 2020). We further discuss the assumptions and 256 
sensitivities of this method in Text S1. 257 
 258 
3. Results 259 
We observed seasonal ice velocity variations at each glacier that were qualitatively similar to the 260 
type 2 and type 3 patterns identified by Moon et al. (2014) and Vijay et al. (2019). We compared 261 
these ice flow variations to changes in terminus position, ice mélange characteristics, runoff and 262 
inferred subglacial hydraulic efficiency.   263 
 264 
3.1. Akullersuup Sermia 265 
AS began to accelerate between mid-March and early-May each year (henceforth the ‘early-266 
summer acceleration’), reaching peak speeds within about a month (Figure 2a). Peak speeds were 267 
on average 18% greater than those prior to the early-summer acceleration (henceforth ‘pre-268 
acceleration’ speeds). Ice flow then typically decelerated rapidly, falling to approximately 40% 269 
below pre-acceleration speeds by mid-summer, and then remained low until early September each 270 
year, before gradually accelerating over winter (henceforth ‘recovery’). This seasonal pattern was 271 
observed throughout the topographically constrained (outlet) part of the glacier (Figure 3; Figures 272 
S6-8). Short-lived speed-ups, coincident with spikes in modelled surface melt, were superimposed 273 
on this seasonal pattern (e.g. November 2017). Average ice velocity between April and March 274 
2016-2017 was 4.7% greater than during 2017-2018 and 0.2% lower than during 2018-2019 (Table 275 
S1).   276 
 277 
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The early-summer acceleration was usually difficult to distinguish from the gradual acceleration 278 
over the preceding winter, and so it was difficult to associate the onset of acceleration with a 279 
particular forcing (Figure 2). In most years, the early-summer acceleration seemed to begin before 280 
any of our defined forcings; however, there were short-lived periods of above-zero air 281 
temperatures during or just prior to the onset of acceleration in every year (Figure 2). Peak speeds 282 
occurred within 1-2 weeks of the first observation of plume surfacing during every year except 283 
2015, when plume surfacing occurred ~1 month later. Ice velocity subsequently decreased and 284 
usually remained low until plume surfacing ceased around September each year. The uniformity 285 
of the seasonal velocity variations across the outlet part of the glacier (Figure 3; Figures S6-8), 286 
suggests a spatially-consistent control that was not affected by proximity to the glacier terminus. 287 
We found no correlation (R2=0.006, p=0.19) between ice velocity and terminus position during 288 
our study period (Figure 4a).  289 
 290 
3.2. Narsap Sermia 291 
NS displayed qualitatively similar behaviour to AS, but the relative magnitude and duration of the 292 
early-summer acceleration and the late-summer slow-down differed markedly (Figure 5a). In 293 
every year except 2017, the early-summer acceleration began around the time of both runoff onset 294 
and terminus retreat, but before visible ice mélange weakening. In 2017, the early-summer 295 
acceleration is indistinguishable from the 2016/2017 winter recovery, with ice velocity steadily 296 
increasing from around early-March 2017, a time with frequent excursions to positive temperatures 297 
(Figure 5d). Peak speeds were up to 25% greater than pre-acceleration values and velocity 298 
remained elevated relative to pre-acceleration values for 2-3 months.  299 
 300 
Beginning in mid-summer, ice flow decelerated towards a minimum in early-September that was 301 
approximately 10% below pre-acceleration velocities. The seasonal transition from accelerating to 302 
decelerating ice flow coincided closely with a switch to inferred efficient drainage (signalled by 303 
plume surfacing) in all years except 2017. In every year, this summertime deceleration occurred 304 
despite continued terminus retreat. After reaching a velocity minimum at the end of the melt 305 
season, ice velocity gradually recovered each winter (Figure 5), but remained below pre-306 
acceleration speeds for the majority of each winter. As with AS, this seasonal pattern was similar 307 
throughout the outlet part of NS (Figure 6; Figures S6-8). An exception to this gradual winter 308 
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recovery occurred during January 2019, when we observed a short-lived (1-2 weeks) and high 309 
magnitude (~25%) speed-up throughout the outlet part of the glacier.  310 
 311 
Annually-averaged (April-March) ice velocity during 2016-2017, 2017-2018 and 2018-2019 was 312 
similar (±2.9%), despite a near doubling of annually-averaged subglacial discharge during 2016 313 
compared to other years (Table S1). We observe moderate positive correlations between glacier 314 
terminus position and ice velocity during individual years (R2=0.13-0.68, p<0.007), but a weak 315 
positive correlation when considering multiple years (R2=0.1, p<0.001) (Figure 4b).  316 
 317 
3.3. Kangiata Nunaata Sermia 318 
KNS was characterised by seasonal velocity variations that resembled the type 2 behaviour 319 
described by Moon et al. (2014) and Vijay et al. (2019). The early-summer acceleration coincided 320 
closely with surface runoff and/or positive temperature onset, which was usually several weeks 321 
prior to observed terminus retreat and visible mélange weakening. The summer speed-up was both 322 
more pronounced (peaking up to 40% above pre-acceleration values) and more sustained (ice 323 
velocity remained elevated relative to pre-acceleration speeds for at least the entire melt season 324 
each year) than at either AS or NS. During 2016-2018, when our velocity and plume data are most 325 
complete, the transition from accelerating to decelerating flow occurred with, or shortly after, an 326 
increase in inferred drainage system efficiency (Figure 7a), and regardless of whether the terminus 327 
was still retreating. In contrast to AS and NS, there was little or no extra slow-down in any year. 328 
An exception to this occurred in October 2016, when ice velocity in the lower 6 km of KNS briefly 329 
dipped below pre-acceleration speeds (i.e. there was a minor extra slow-down) following the 330 
drainage of the large ice-dammed lake Isvand, which produced a plume adjacent to KNS (Figures 331 
1, 7a & 8; Figure S9). Like AS and similar to NS, ice velocity was unrelated (R2=0.002, p=0.7) to 332 
terminus position during the study period (Figure 4c) and annually-averaged (April-March) ice 333 
velocity was actually slower during a warmer year (2016-2017) than a cooler year (2017-2018), 334 
despite very similar (±50 m) terminus positions.   335 
 336 
4. Discussion 337 
We observed pronounced and differing seasonal velocity variations at three contrasting tidewater 338 
glaciers exposed to similar climatic variability. At AS and NS each year, we observed an early-339 
summer acceleration, subsequent deceleration to below pre-acceleration speeds, and gradual 340 
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acceleration over winter (Figures 2,3,5,6). Although there were differences between these glaciers 341 
(discussed below), the seasonal ice velocity pattern of both AS and NS fits the ‘type 3’ pattern 342 
identified in Moon et al. (2014). In contrast, KNS did not usually undergo an extra slow-down, 343 
and so broadly fits the type 2 classification, with perhaps some type 3 behaviour (Moon et al., 344 
2014). Our more detailed observations therefore support the classification of AS and KNS by 345 
Moon et al. (2014). At most tidewater glaciers, changes in terminus position or subglacial 346 
hydrology are thought to be the dominant drivers of seasonal dynamics (e.g. Moon et al., 2015), 347 
but disentangling these contrasting processes is difficult (e.g. Fried et al., 2018). In the discussion 348 
below, we argue that evolution in subglacial hydraulic efficiency can explain the key features of 349 
the seasonal ice flow variations at these tidewater glaciers. We therefore build on previous studies 350 
(Moon et al., 2014; Vijay et al., 2019) by providing additional evidence to support the hypothesis 351 
that subglacial drainage evolution both occurs and exerts an important control on ice dynamics at 352 
tidewater glaciers. Furthermore, our time-series enable a more detailed description of the subtle 353 
variations in these temporal velocity patterns both between glaciers and between years, allowing 354 
a more robust interpretation of their controls. 355 
  356 
Each of the three glaciers studied underwent a temporary speed-up each year, usually commencing 357 
between mid-March and mid-May (Figures 2, 5 and 7). This acceleration always began before any 358 
visible mélange weakening, indicating that changes in buttressing by ice mélange do not serve as 359 
a key control on the seasonal dynamics of these glaciers. In many cases (especially at KNS but 360 
also at NS), the onset of acceleration coincided approximately (at the resolution of the data) with 361 
the onset of surface runoff and/or positive temperatures. Sometimes, this also coincided with 362 
terminus retreat, which may have contributed to the observed acceleration (Fried et al., 2018). At 363 
AS, acceleration usually occurred prior to any obvious forcing (Figure 2). We suggest that this is 364 
partly due to the difficulty in distinguishing the early-summer acceleration from the ice flow 365 
recovery over the preceding winter. In addition, it is possible that surface melting on the lower part 366 
of the glacier, caused by brief excursions to positive temperatures, did occur in sufficient volume 367 
to affect ice dynamics, but was not captured by RACMO2.3p2.  368 
 369 
At all three glaciers, ice velocity was generally greatest near the beginning of the melt season, 370 
when meltwater runoff was rising rapidly. This behaviour resembles that of land-terminating 371 
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glaciers and occurs when the drainage system is continually challenged by rapidly increasing 372 
meltwater inputs, causing frequent spikes in water pressure (Harper et al., 2007; Schoof, 2010; 373 
Bartholomew et al., 2012), cavity expansion (Iken, 1981; Kamb, 1987; Cowton et al., 2016) and/or 374 
sediment deformation (Iverson et al., 1999). Our observations of seasonal meltwater-induced 375 
speed-ups were relatively small (16-40%) compared to land-terminating glaciers (180-400%; van 376 
de Wal et al., 2008, 2015; Sole et al., 2013), though the maximum speed-ups we observe are likely 377 
reduced by smoothing over the 6-12-day image baseline. Similarly modest seasonal meltwater-378 
induced speed-ups (typically less than 15%) have been observed at several other Greenlandic 379 
tidewater glaciers (Joughin et al., 2008; Andersen et al., 2010; Sole et al., 2011; Ahlstrøm et al., 380 
2013; Moon et al., 2014; Bevan et al., 2015; Sugiyama et al., 2015; Kehrl et al., 2017; Vijay et al., 381 
2019), and may be subdued relative to land-terminating glaciers because of the already low basal 382 
resistance at tidewater glaciers (Shapero et al., 2016).  383 
 384 
As subglacial channels become larger and more efficient, further increases in meltwater input have 385 
a more limited impact on basal water pressure, so velocity stabilises then falls (Röthlisberger, 386 
1972). Such behaviour has been observed across land-terminating sectors of the ice sheet 387 
(Bartholomew et al., 2012; Cowton et al., 2016). Although direct evidence of subglacial drainage 388 
evolution is even more challenging to obtain at tidewater glaciers than at their land-terminating 389 
counterparts, the velocity and plume observations and plume modelling presented here provide 390 
indirect support for a similar process at our study glaciers. At all glaciers, velocity decreased part 391 
way through the melt season, but this occurred later at the faster flowing KNS and NS than at AS. 392 
In addition, there was in most years a seasonal progression towards more efficient drainage, as 393 
inferred from more frequent plume surfacing. In some cases (e.g. NS in 2016, KNS in 2017), the 394 
appearance of plumes at the fjord surface coincided closely with the transition from acceleration 395 
to deceleration. This provides further support for the role of changes in subglacial hydraulic 396 
efficiency in modulating the seasonal velocity patterns at these glaciers, though this evidence is 397 
treated with caution given the approximate nature of the method used to infer hydraulic efficiency 398 
and the inter-annual variation in the timing of observed plume surfacing with respect to peak 399 
velocities. 400 
 401 
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After peak velocities were reached at AS and NS each year, ice velocity fell to below pre-402 
acceleration values, despite continued surface melting, and was followed by recovery over winter. 403 
The deceleration occurred earlier and seasonal velocity minima were lower relative to pre-404 
acceleration speeds at AS than at NS. This pattern of flow variability provides further support for 405 
the hypothesis that subglacial drainage evolution modulated the observed seasonal flow variations 406 
at these glaciers. At land-terminating margins, the extra slow-down is thought to be caused by 407 
drainage of water from weakly-connected areas of the bed (Andrews et al., 2014; Hoffman et al., 408 
2016) towards persistent, efficient subglacial channels (Sole et al., 2013). The extra slow-down is 409 
therefore more pronounced where the late-summer subglacial channels are more hydraulically 410 
efficient (Sole et al., 2013). Based on this understanding, we propose that the seasonal subglacial 411 
drainage system at AS became more efficient than at NS and KNS because the extra slow-down 412 
was most pronounced at the former. Furthermore, flow recovery at both AS and NS did not begin 413 
until the end of each melt season, presumably only after subglacial channels had closed, thereby 414 
allowing re-pressurisation of the subglacial drainage system by basal melting and rain events (e.g. 415 
November 2017).  416 
 417 
KNS displayed little-or-no seasonal extra slow-down near the terminus, suggesting that the 418 
subglacial drainage system was not usually efficient enough to induce a widespread reduction in 419 
basal water pressure to below pre-acceleration values. However, two sets of observations indicate 420 
that seasonal increases in subglacial hydraulic efficiency still acted to dampen the seasonal speed-421 
up each year, thereby limiting inter-annual velocity. Firstly, the transition from acceleration to 422 
deceleration each summer usually closely followed a switch to predominately channelised 423 
drainage (as inferred from the plume observations and modelling). Moreover, this transition began 424 
earlier and the subsequent deceleration was faster in 2016, when the melt season began earlier and 425 
modelled meltwater discharge was greater. Thus, although there was little seasonal meltwater-426 
induced extra slow-down (as occurred at AS and NS), annual average ice velocity at KNS was still 427 
lower during 2016, the year with the greatest runoff (Table S1). Secondly, following the drainage 428 
of Isvand in October 2016 (Figure S9), we observed a plume at the fjord surface and a short-lived 429 
velocity perturbation characterised by a significant speed-up followed (crucially) by an extra slow-430 
down and subsequent recovery (Figures 7 & 8). These observations suggest that even short-lived 431 
pulses in runoff supply can potentially form channels efficient enough to induce a compensatory 432 
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slow-down. This raises the possibility that as runoff supply increases in the future, current type 2 433 
glaciers may transition towards type 3 behaviour. 434 
 435 
There are differences in the seasonal velocity patterns of each glacier that we argue provide further 436 
insight into the evolution of the hydrological system beneath tidewater glaciers. For example, 437 
summertime peak speeds at AS were much smaller relative to pre-acceleration speeds, and 438 
occurred much earlier, than at NS. Those at NS were in turn smaller and occurred earlier than those 439 
at KNS. One possible explanation for this is that subglacial channels developed earliest (and grew 440 
fastest) at AS and latest (and grew slowest) at KNS. If our assumption that plume surfacing 441 
indicates the presence of an efficient subglacial drainage system is correct, then our time-series of 442 
plume surfacing supports this explanation because plumes appeared first and were most persistent 443 
at AS, and appeared last at KNS. Given the difficulty of directly observing subglacial channel 444 
development at tidewater glaciers, we cannot prove that efficient subglacial channels do develop 445 
more rapidly at AS. However, it is worth briefly considering the likely theoretical conditions for 446 
channel development at each glacier (Figure 9). AS is grounded throughout, with a height-above-447 
flotation of ~100 m near the terminus. In contrast, the lower 1.5 km of NS is potentially at 448 
floatation, which would reduce hydraulic potential gradients and therefore reduce subglacial 449 
channel growth rates (Röthlisberger, 1972). This suggests that readily available metrics such as 450 
height-above-flotation may provide some insight into the influence of hydrology on the dynamics 451 
of other tidewater glaciers. Under this reasoning, however, it is not clear why the seasonal velocity 452 
patterns of KNS and NS differ so markedly, since their flow speed and height-above-flotation are 453 
similar.  454 
 455 
As AS is well grounded and flows only 2-3 times faster than is typical of land-terminating sectors, 456 
it is perhaps unsurprising that seasonal velocity patterns, and inferred drainage system evolution, 457 
resemble those at land-terminating glaciers. However, it is notable that qualitatively similar 458 
seasonal velocity variations occurred at NS, which at ~12 m d-1 is flowing 3-4 times faster than 459 
AS and an order of magnitude faster than is typical of land-terminating glaciers. Therefore, 460 
although channel formation is theoretically hindered by fast ice flow and weak hydraulic potential 461 
gradients (Kamb, 1987), our observations suggest that efficient subglacial drainage configurations 462 
are able to form and persist long enough to modulate the relationship between meltwater runoff 463 
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and ice velocity even at fast-flowing tidewater glaciers. Furthermore, our data indicate that 464 
increasing hydraulic efficiency during the melt season can dampen or offset meltwater-induced 465 
speed-ups even at fast-flowing tidewater glaciers like NS and KNS, regardless of whether the 466 
seasonal velocity pattern is ‘type 2’ or ‘type 3’.  467 
 468 
If we accept that the dynamic behaviour of these glaciers is qualitatively consistent with ice flow 469 
self-regulation, controlled by changes in subglacial hydraulic efficiency (Sole et al., 2013; van de 470 
Wal et al., 2015), we would expect there to be limited sensitivity in annually-averaged ice motion 471 
to inter-annual variations in runoff. Unfortunately however, our time-series of unbroken velocity 472 
estimates is not long enough to allow us to confirm this behaviour (Table S1). Nevertheless, 473 
meltwater runoff is believed to be a significant influence on tidewater glaciers via other 474 
mechanisms, particularly as a driver of submarine melting at their termini (Straneo et al., 2011; 475 
Xu et al., 2012; Cowton et al., 2019). Over longer timescales, increased runoff may therefore lead 476 
to increased submarine melting, tidewater glacier retreat (Cowton et al., 2018; Slater et al., 2019) 477 
and associated acceleration and dynamic thinning (Pfeffer et al., 2007; Nick et al., 2009). We 478 
therefore emphasise that our findings do not preclude a potentially important role for increased 479 
meltwater runoff in the dynamic evolution of tidewater glaciers and it remains a subject requiring 480 
further investigation to determine more precisely the extent and rate of subglacial channel 481 
development, and the efficacy of ice flow self-regulation, at contrasting tidewater glaciers. 482 
 483 
Our results contrast with studies that have identified terminus retreat and mélange disintegration 484 
as key drivers of seasonal flow variations (Howat et al., 2010; Moon et al., 2015). While we argue 485 
that the evidence presented here strongly supports the hypothesis that the seasonal velocity 486 
variations at our study glaciers are modulated by subglacial hydrology, it is possible that changes 487 
in terminus position and mélange buttressing also play a role. For example, a proportion of the 488 
early-summer acceleration at each glacier (especially KNS), occurred whilst the terminus was 489 
retreating each year (similar to Fried et al., 2018). However, despite the partial temporal overlap 490 
between acceleration and retreat, there are several lines of evidence indicating that variations in 491 
terminus position and mélange buttressing did not exert a dominant control on either the magnitude 492 
or timing of the velocity variations observed here: (1) the onset of acceleration always occurred 493 
several weeks prior to observed terminus retreat or visible mélange weakening; (2) peak velocity 494 
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always occurred before the most retreated terminus position; (3) gradual winter acceleration began 495 
before mélange reformation and continued after mélange reformation, and; (4), over inter-annual 496 
timescales, we find little relationship between ice velocity and terminus position at any of our 497 
study glaciers (Figure 4). At NS, we observed deceleration during terminus retreat, resulting in a 498 
positive correlation between ice velocity and terminus position during individual years (Figure 4b) 499 
– the opposite to that expected if terminus position was driving the changes in ice velocity.  500 
 501 
It is likely that the drivers of seasonal ice flow variations differ between glaciers, and we note that 502 
whilst KNS is the largest tidewater glacier in southwest Greenland, our study glaciers do not 503 
represent the full range of Greenland’s tidewater glaciers. At glaciers that are faster, thicker and 504 
more lightly-grounded grounded than KNS, basal friction may be lower (Shapero et al., 2016) and 505 
calving events tend to be larger, thereby potentially increasing the importance of terminus position 506 
changes over subglacial hydrology as a control on ice dynamics (e.g. Bevan et al., 2015; Kehrl et 507 
al., 2017). Nevertheless, an examination of a broader sample of glaciers (Vijay et al., 2019) showed 508 
that over 50% were characterised by seasonal ice flow variations similar to those observed here 509 
and which we argue are controlled primarily by subglacial hydrology. Therefore, whilst our study 510 
has focused in detail on a few glaciers within a single fjord system, we expect our findings 511 
concerning the role of subglacial hydrology in driving seasonal ice flow variability to be relevant 512 
to a large number of small to medium-sized tidewater glaciers around Greenland. 513 
 514 
5. Conclusion 515 
We use high-resolution ice velocity estimates, observations of terminus position and ice mélange, 516 
modelled subglacial meltwater discharge and inferred subglacial hydraulic efficiency to 517 
investigate drivers of seasonal ice flow variability of three contrasting tidewater glaciers, with 518 
similar climatic forcing, in southwest Greenland. At all three glaciers, we find little relationship 519 
between ice velocity and variations in terminus position or ice mélange occurrence. Instead, we 520 
infer that surface-derived meltwater inputs drive pronounced seasonal changes in ice velocity 521 
characterised by early-summer flow acceleration followed by deceleration either to, or below, pre-522 
acceleration speeds. We argue that the amplitude and longevity of the seasonal acceleration and 523 
deceleration is controlled by the development of hydraulically efficient subglacial channels. We 524 
suggest that this behaviour is qualitatively consistent with ice flow self-regulation (where in 525 
Confidential manuscript submitted to Journal of Geophysical Research: Earth Surface 
 
17 
 
warmer years, faster summer ice flow is balanced by slower winter motion, resulting in limited net 526 
annual differences in ice motion), which has been observed over extensive land-terminating sectors 527 
of the GrIS but not near the termini of tidewater glaciers. Therefore, changes in subglacial 528 
hydraulic efficiency likely exert a strong control on the seasonal dynamics of many of Greenland’s 529 
small to medium-sized tidewater glaciers. The net impact of this hydro-dynamic coupling on 530 
annual and inter-annual timescales nevertheless remains uncertain and requires further 531 
investigation. 532 
Confidential manuscript submitted to Journal of Geophysical Research: Earth Surface 
 
 
Acknowledgments, Samples, and Data 
The authors would like to thank Dr. John Mortensen and the ICES Dataset on Ocean Hydrography 
(The International Council for the Exploration of the Sea, Copenhagen. 2014) for providing CTD 
data, Dr. Brice Noël for providing RACMO2.3p2 modelled runoff and Prof. Adrian Luckman for 
advice relating to the derivation of ice velocity. B.J.D was funded in the form of a PhD studentship 
provided by the Scottish Association for Geosciences, Environment and Society (SAGES) and the 
University of St Andrews, UK. J.M.L is supported by a UKRI Future Leaders Fellowship (Grant 
No. MR/S017232/1). D.F would like to acknowledge the support of this work through the EPSRC 
and ESRC Centre for Doctoral Training on Quantification and Management of Risk and 
Uncertainty in Complex Systems Environments Grant No. (EP/L015927/1). The authors declare 
that they have no conflict of interest. The air temperature data used here are available at: 
https://www.promice.dk.  CTD data are available at: http://ocean.ices.dk. All other data are 
available at: https://doi.org/10.5281/zenodo.3741382.  
Confidential manuscript submitted to Journal of Geophysical Research: Earth Surface 
 
 
References 
Adrian, R. J., & Westerweel, J. (2011), Particle Image Velocimetry. Cambridge University Press. 
Ahlstrøm, A. P., Andersen, S. B., Andersen, M. L., Machguth, H., Nick, F. M., Joughin, I., et al. (2013), 
Seasonal velocities of eight major marine-terminating outlet glaciers of the Greenland ice sheet from 
continuous in situ GPS instruments. Earth System Science Data, 5(2), 277–287. doi: 10.5194/essd-5-277-
2013. 
Andersen, M. L., Larsen, T. B., Nettles, M., Elosegui, P., Van As, D., Hamilton, G. S., et al. (2010), 
Spatial and temporal melt variability at Helheim Glacier, East Greenland, and its effect on ice dynamics. 
Journal of Geophysical Research: Earth Surface, 115, 1–18. doi: 10.1029/2010JF001760. 
Andrews, L. C., Catania, G. A., Hoffman, M. J., Gulley, J. D., Lüthi, M. P., Ryser, C., et al. (2014), 
Direct observations of evolving subglacial drainage beneath the Greenland Ice Sheet. Nature, 514, 80-83. 
doi: 10.1038/nature13796. 
Bartholomaus, T. C., Stearns, L. A., Sutherland. D. A., Shroyer, E. L., Nash, J. D., Walker, R. T., et al. 
(2016), Contrasts in the response of adjacent fjords and glaciers to ice-sheet surface melt in West 
Greenland. Annals of Glaciology, 57(73), 25-38. doi: 10.1017/aog.2016.19. 
Bartholomew, I. D., Nienow, P., Mair, D., Hubbard, A., King, M. A., & Sole, A. (2010), Seasonal 
evolution of subglacial drainage and acceleration in a Greenland outlet glacier. Nature Geoscience, 3(6), 
408–411. doi: 10.1038/ngeo863. 
Bartholomew, I. D., Nienow, P., Sole, A., Mair, D., Cowton, T., & King, M. A. (2012), Short-term 
variability in Greenland Ice Sheet motion forced by time-varying meltwater drainage: Implications for the 
relationship between subglacial drainage system behavior and ice velocity. Journal of Geophysical 
Research: Earth Surface, 117, 1–17. doi: 10.1029/2011JF002220. 
Bartholomew, I. D., Nienow, P., Sole, A., Mair, D., Cowton, T., King, M. A., & Palmer, S. (2011), 
Seasonal variations in Greenland Ice Sheet motion: Inland extent and behaviour at higher elevations. 
Earth and Planetary Science Letters, 307, 271-278. doi: 10.1016/j.epsl.2011.04.014. 
Bevan, S. L., Luckman, A., Khan, S. A., & Murray, T. (2015), Seasonal dynamic thinning at Helheim 
Glacier. Earth and Planetary Science Letters. Elsevier B.V., 415, 47–53. doi: 10.1016/j.epsl.2015.01.031. 
Chauché, N., Hubbard, A., Gascard, J.-C., Box, J.E., Bates, R., Koppes, R., et al. (2014), Ice-ocean 
interaction and calving front morphology at two west Greenland tidewater outlet glaciers. The 
Cryosphere, 8, 1457-1468. doi: 10.5194/tc-8-1457-2014.  
Chandler, D. M., Wadham, J. L., Lis, G. P., Cowton, T., Sole, A., Bartholomew, I., et al. (2013), 
Evolution of the subglacial drainage system beneath the Greenland Ice Sheet revealed by tracers. Nature 
Geoscience, 6(3), 195-198. doi: 10.1038/ngeo1737.  
Cowton, T., Nienow, P., Sole, A., Wadham, J., Lis, G., Bartholomew, I., et al. (2013), Evolution of 
drainage system morphology at a land-terminating Greenlandic outlet glacier. Journal of Geophysical 
Research: Earth Surface, 118(1), 29–41. doi: 10.1029/2012JF002540. 
Cowton, T., Nienow, P., Sole, A., Bartholomew, I., & Mair, D. (2016), Variability in ice motion at a land-
terminating Greenlandic outlet glacier: the role of channelized and distributed drainage systems. Journal 
of Glaciology, 62, 451–466. doi: 10.1017/jog.2016.36. 
Confidential manuscript submitted to Journal of Geophysical Research: Earth Surface 
 
 
Cowton, T., Sole, A. J., Nienow, P. W., Slater, D. A., & Christoffersen, P. (2018), Linear response of east 
Greenland’s tidewater glaciers to ocean/atmosphere warming. Proceedings of the National Academy of 
Sciences of the United States of America, 115(31), 7907-7912. doi: 10.1073/pnas.1801769115. 
Cowton, T. R., Todd, J. A., and Benn, D. I. (2019), Sensitivity of tidewater glaciers to submarine melting 
governed by plume locations. Geophysical Research Letters, 46(20). doi: 10.1029/2019GL084215. 
Davison, B. J., Sole, A. J., Livingstone, S. J., Cowton, T. R., & Nienow, P. W. (2019), The Influence of 
Hydrology on the Dynamics of Land-Terminating Sectors of the Greenland Ice Sheet. Frontiers in Earth 
Science, 21. doi: 10.3389/feart.2019.00010. 
De Andrés, E., Slater, D. A., Straneo, F., Otero, J., Das, S., and Navarro, F. (2020), Surface emergence of 
glacial plumes determined by fjord stratification. The Cryosphere Discussions, 10.5194/tc-2019-264, in 
review. 
de Lange, R., Luckman, A., & Murray, T. (2007), Improvement of satellite radar feature tracking for ice 
velocity derivation by spatial frequency filtering. IEEE Transactions on Geoscience and Remote Sensing. 
doi: 10.1109/TGRS.2007.896615. 
Doyle, S. H., Hubbard, B., Christoffersen, P., Young, T. J., Hofstede, C., Bougamont, M., et al (2018), 
Physical Conditions of Fast Glacier Flow: 1. Measurements From Boreholes Drilled to the Bed of Store 
Glacier, West Greenland. Journal of Geophysical Research: Earth Surface, 123(2), 324-348. doi: 
10.1002/2017JF004529. 
Fahnestock, M., Scambos, T., Moon, T., Gardner, A., Haran, T., & Klinger, M. (2015), Rapid large-area 
mapping of ice flow using Landsat 8. Remote Sensing of Environment. Remote Sensing of Environment, 
185, 84–94. doi: 10.1016/j.rse.2015.11.023. 
Fernández, J., Escobar, D., Bock, H., & Féménias, P. (2015), Copernicus POD Operations - Orbital 
Accuracy of Sentinel-1A and Sentinel-2A. 25th International Symposium on Space Flight Dynamics 4.2. 
An optional note, 201–213. 
Fried, M. J., Catania, G. A., Bartholomaus, T. C., Duncan, D., Davis, M., Stearns, L. A., et al. (2015), 
Distributed subglacial discharge drives significant submarine melt at a Greenland tidewater glacier. 
Geophysical Research Letters, 42(21), 9328–9336. doi: 10.1002/2015GL065806. 
Fried, M. J., Catania, G. A., Stearns, L. A., Sutherland, D. A., Bartholomaus, T. C., Shroyer, E., & Nash, 
J. (2018), Reconciling Drivers of Seasonal Terminus Advance and Retreat at 13 Central West Greenland 
Tidewater Glaciers. Journal of Geophysical Research: Earth Surface, 123, 1590-1607. doi: 
10.1029/2018JF004628.  
Guizar-Sicairos, M., Thurman, S. T., & Fienup, J. R. (2008), Efficient subpixel image registration 
algorithms. Optics Letters, 33(2), 156. doi: 10.1364/OL.33.000156. 
Harper, J. T., Humphrey, N. F., Pfeffer, W. T., & Lazar, B. (2007), Two modes of accelerated glacier 
sliding related to water. Geophysical Research Letters, 34, L12503. doi: 10.1029/2007GL030233. 
Hoffman, M. J., Andrews, L. C., Price, S. A., Catania, G. A., Neumann, T. A., Lüthi, M. P., et al. (2016), 
Greenland subglacial drainage evolution regulated by weakly-connected regions of the bed. Nature 
Communications, 7. doi: 10.1038/ncomms13903. 
 
Confidential manuscript submitted to Journal of Geophysical Research: Earth Surface 
 
 
Howat, I. M., Box, J. E., Ahn, Y., Herrington, A., & McFadden, E. M. (2010), Seasonal variability in the 
dynamics of marine-terminating outlet glaciers in Greenland. Journal of Glaciology, 56(198), 601-613. 
doi: 10.3189/002214310793146232. 
Howat, I. M., Negrete, A., & Smith, B. E. (2014), The Greenland Ice Mapping Project (GIMP) land 
classification and surface elevation data sets. The Cryosphere, 8(4), 1509–1518. doi: 10.5194/tc-8-1509-
2014. 
Iken, A. (1981), The effect of the subglacial water pressure on the sliding velocity of a glacier in an 
idealized numerical model. Journal of Glaciology, 407–421. 
Iverson, N.R., Baker, N.W., Hooke, R. LeB., Hanson, B., & Jansson, P. (1999), Coupling between a 
glacier and a soft bed: I. A relation between effective pressure and local shear stress determined from till 
elasticity. Journal of Glaciology, 45(149), 31–40. 
Jackson, R. H., Shroyer, E. L., Nash, J. D., Sutherland, D. A., Carroll, D., Fried, M. J., et al. (2017), Near-
glacier surveying of a subglacial discharge plume: Implications for plume parameterizations. Geophysical 
Research Letters, 44(13), 6886–6894. doi: 10.1002/2017GL073602. 
Jenkins, A. (2011), Convection-Driven Melting near the Grounding Lines of Ice Shelves and Tidewater 
Glaciers. Journal of Physical Oceanography, 41(12), 2279–2294. doi: 10.1175/JPO-D-11-03.1. 
Joughin, I., Das, S. B., King, M. A., Smith, B. E., Howat, I. M., & Moon, T. (2008), Seasonal speedup 
along the western flank of the Greenland Ice Sheet. Science, 320, 781–783. doi: 
10.1126/science.1153288. 
Kamb, B. (1987), Glacier surge mechanism based on linked cavity configuration of the basal water 
conduit system. Journal of Geophysical Research, 92(B9), 9083–9100. doi: 10.1029/JB092iB09p09083. 
Kehrl, L. M., Joughin, I., Shean, D. E., Floricioiu, D., & Krieger, L. (2017), Seasonal and interannual 
variability in terminus position, glacier velocity, and surface elevation at Helheim and Kangerlussuaq 
Glaciers from 2008 to 2016. Journal of Geophysical Research: Earth Surface, 1–18. doi: 
10.1002/2016JF004133. 
Khvorostovsky, K., Hauglund, K., Forsberg, R., & Engdahl, M, Algorithm Theoretical Baseline 
Document (ATBD) for the Greenland_Ice_Sheet cci project of ESA’s Climate Change Initiative, version 
3.2, 28 Jun 2018 [Available from: http://www.esa-icesheets-cci.org/] (2018). 
Lea, J. M. (2018), The Google Earth Engine Digitisation Tool (GEEDiT) and the Margin change 
Quantification Tool (MaQiT) – simple tools for the rapid mapping and quantification of changing Earth 
surface margins. Earth Surface Dynamics, 551–561. doi: 10.5194/esurf-6-551-2018. 
Merryman Boncori, J. P., Andersen, M. L., Dall, J., Kusk, A., Kamstra, M., Andersen, S. B., et al. (2018), 
Intercomparison and validation of SAR-based ice velocity measurement techniques within the Greenland 
Ice Sheet CCI Project. Remote Sensing, 10(6), 929. doi: 10.3390/rs10060929. 
Moon, T., Joughin, I., & Smith, B. (2015), Seasonal to multiyear variability of glacier surface velocity, 
terminus position, and sea ice/ice mélange in northwest Greenland. Journal of Geophysical Research: 
Earth Surface. 120, 818-833. doi: 10.1002/2015JF003494. 
Confidential manuscript submitted to Journal of Geophysical Research: Earth Surface 
 
 
Moon, T., Joughin, I., Smith, B., van den Broeke, M. R., van de Berg, W. J., Noël, B., & Usher, M. 
(2014), Distinct patterns of seasonal Greenland glacier velocity. Geophysical Research Letters, 41(20), 
7209–7216. doi: 10.1002/2014GL061836. 
Morlighem, M., Williams, C. N., Rignot, E., An, L., Bamber, J. L., Catania, G., et al. (2017), 
BedMachine v3: Complete bed topography and ocean bathymetry mapping of Greenland from multi-
beam echo sounding combined with mass conservation. Geophysical Research Letters, 44(21), 11051-
11061. doi: 10.1002/2017GL074954. 
Mortensen, J., Bendtsen, J., Motyka, R. J., Lennert, K., Truffer, M., Fahnestock, M., & Rysgaard, S. 
(2013), On the seasonal freshwater stratification in the proximity of fast-flowing tidewater outlet glaciers 
in a sub-Arctic sill fjord. Journal of Geophysical Research: Oceans, 118(3), 1382–1395. doi: 
10.1002/jgrc.20134. 
Mortensen, J., Bendtsen, J., Lennert, K., & Rysgaard, S. (2014), Seasonal variability of the circulation 
system in a west Greenland tidewater outlet glacier fjord, Godthåbsfjord (64°N). Journal of Geophysical 
Research: Earth Surface, 2591–2603. doi: 10.1002/2014JF003267. 
Mortensen, J., Rysgaard, S., Arendt, K. E., Juul-Pedersen, T., Søgaard, D. H., Bendtsen, J., & Meire, L. 
(2018), Local Coastal Water Masses Control Heat Levels in a West Greenland Tidewater Outlet Glacier 
Fjord. Journal of Geophysical Research: Oceans, 123, 1–16. doi: 10.1029/2018JC014549. 
Morton, B. R., Taylor, G., & Turner, J. S. (1956), Turbulent gravitational convection from maintained 
and instantaneous sources. Proceedings of the Royal Society of London, series A, 234, 1–23. doi: 
doi:10.1098/rspa.1956.0011. 
Motyka, R. J., Cassotto, R., Truffer, M., Kjeldsen, K. K., van As., D., Korsgaard, N. J., et al. (2017), 
Asynchronous behaviour of outlet glaciers feeding Godthåbsfjord (Nuup Kangerlua) and the triggering of 
Narsap Sermia’s retreat in SW Greenland. Journal of Glaciology, 63(238), 288-308. doi: 
10.1017/jog.2016.138. 
Moyer, A. N., Nienow, P. W., Gourmelen, N., Sole, A. J., and Slater, D. A. (2017), Estimating spring 
terminus submarine melt rates at a Greenlandic tidewater glacier using satellite imagery. Frontiers in 
Earth Science, 5, 107. doi: 10.3389/feart.2017.00107.  
Nagler, T., Rott, H., Hetzenecker, M., Wuite, J., & Potin, P. (2015), The Sentinel-1 Mission: New 
Opportunities for Ice Sheet Observations. Remote Sensing, 7(7), 9371–9389. doi: 10.3390/rs70709371. 
Nick, F. M., Vieli, A., Andersen, M. L., Joughin, I., Payne, A., Edwards, T. L., et al. (2013), Future sea-
level rise from Greenland’s main outlet glaciers in a warming climate. Nature, 497(7448), 235–238. doi: 
10.1038/nature12068. 
Nick, F. M., Vieli, A., Howat, I. M., & Joughin, I. (2009), Large-scale changes in Greenland outlet glacier 
dynamics triggered at the terminus. Nature Geoscience, 2, 110-114. doi: 10.1038/ngeo394.  
Noël, B., Berg, W. J. Van De, Machguth, H., Lhermitte, S., Howat, I., & Fettweis, X. (2016), A daily, 1 
km resolution dataset of downscaled Greenland ice sheet surface mass balance (1958-2015). The 
Cryosphere, 10, 2361-2377. doi: 10.5194/tc-10-2361-2016. 
Noël, B., Berg, W. J. Van De, van Wessem, J. M., van Meijgaard, E., van As, D., Lenaerts, J. T. M., et al. 
(2018), Modelling the climate and surface mass balance of polar ice sheets using RACMO2 – Part 1: 
Greenland (1958-2016). The Cryosphere, 12, 811-831. doi: 10.5194/tc-12-811-2018. 
Confidential manuscript submitted to Journal of Geophysical Research: Earth Surface 
 
 
Pfeffer, W. T. (2007), A simple mechanism for irreversible tidewater glacier retreat. Journal of 
Geophysical Research: Earth Surface, 112(F3). doi: 10.1029/2006JF000590. 
Rignot, E., Fenty, I., Xu, Y., Cai, C., & Kemp, C. (2015), Undercutting of marine-terminating glaciers in 
West Greenland. Geophysical Research Letters, 42, 5909-5917. doi: 10.1002/2015GL064236.  
Rosenau, R., Scheinert, M., & Dietrich, R. (2015), A processing system to monitor Greenland outlet 
glacier velocity variations at decadal and seasonal time scales utilizing the Landsat imagery. Remote 
Sensing of Environment, 169. doi: 10.1016/j.rse.2015.07.012. 
Röthlisberger, H. (1972), Water pressure in intra- and subglacial channels. Journal of Glaciology, 11(62), 
177–203. 
Sandwell, D., Mellors, R., Tong, X., Wei, M., & Wessel, P. (2011a), An InSAR Processing System Based 
on Generic Mapping Tools. UC San Diego: Scripps Institution of Oceanography Technical Report. 
Sandwell, D., Mellors, R., Tong, X., Wei, M., & Wessel, P. (2011b), Open radar interferometry software 
for mapping surface Deformation. Eos, Transactions American Geophysical Union, 92(28), 234. doi: 
10.1029/2011EO280002. 
Schoof, C. (2010), Ice-sheet acceleration driven by melt supply variability. Nature, 468(7325), 803-806. 
doi: 10.1038/nature09618.  
Shapero, D. R., Joughin, I. R., Poinar, K., Morlighem, M., & Gillet-Chaulet, F. (2016), Basal resistance 
for three of the largest Greenland outlet glaciers. Journal of Geophysical Research: Earth Surface, 
121(1), 168–180. doi: 10.1002/2015JF003643. 
Shreve, R. L. (1972), Movement of water in glaciers. Journal of Glaciology, 11(62), 205–214. 
Slater, D., Nienow, P., Sole, A., Cowton, T., Mottram, R., Langen, P., & Mair, D. (2017), Spatially 
distributed runoff at the grounding line of a large Greenlandic tidewater glacier inferred from plume 
modelling. Journal of Glaciology, 63(238), 309–323. doi: 10.1017/jog.2016.139. 
Slater, D. A., Goldberg, D. N., Nienow, P. W., & Cowton, T. R. (2016), Scalings for Submarine Melting 
at Tidewater Glaciers from Buoyant Plume Theory. Journal of Physical Oceanography, 46, 1839–1855. 
doi: 10.1175/JPO-D-15-0132.1. 
Slater, D. A., Straneo, F., Felikson, D., Little, C. M., Goelzer, H., Fettweis, X., & Holte, J. (2019), 
Estimating Greenland tidewater glacier retreat driven by submarine melting. The Cryosphere, 13(9), 
2489-2509. doi: 10.5194/tc-13-2489-2019. 
Sole, A., Nienow, P., Bartholomew, I., Mair, D., Cowton, T., Tedstone, A., & King, M. A. (2013), Winter 
motion mediates dynamic response of the Greenland Ice Sheet to warmer summers. Geophysical 
Research Letters, 40(15), 3940–3944. doi: 10.1002/grl.50764. 
Sole, A. J., Mair, D. W. F., Nienow, P. W., Bartholomew, I. D., King, M. A., Burke, M. J., & Joughin, I. 
(2011), Seasonal speedup of a Greenland marine-terminating outlet glacier forced by surface melt-
induced changes in subglacial hydrology. Journal of Geophysical Research: Earth Surface, 116(3), 1–11. 
doi: 10.1029/2010JF001948. 
Straneo, F., Curry, R. G., Sutherland, D. A., Hamilton, G. S., Cenedese, C., Våge, K., & Stearns, A. 
(2011), Impact of fjord dynamics and glacial runoff on the circulation near Helheim Glacier. Nature 
Geoscience, 4(5), 322-327. doi: 10.1038/ngeo1109. 
Confidential manuscript submitted to Journal of Geophysical Research: Earth Surface 
 
 
Sugiyama, S., Sakakibara, D., Tsutaki, S., Maruyama, M., & Sawagaki, T. (2015), Glacier dynamics near 
the calving front of Bowdoin Glacier, northwestern Greenland. Journal of Glaciology, 61(226), 223-232. 
doi: 10.3189/2015JoG14J127.   
Sundal, A. V., Shepherd, A., Nienow, P., Hanna, E., Palmer, S., & Huybrechts, P. (2011), Melt-induced 
speed-up of Greenland ice sheet offset by efficient subglacial drainage. Nature, 469(7331), 521-524. doi: 
10.1038/nature09740.  
Thielicke, W., & Stamhuis, E. J. (2014), PIVlab – Towards User-friendly, Affordable and Accurate 
Digital Particle Image Velocimetry in MATLAB. Journal of Open Research Software, 2(1), e30. doi: 
10.5334/jors.bl. 
van de Wal, R. S., Boot, W., van den Broeke, M. R., Smeets, C. J. P. P., Reijmer, C. H., Donker, J. J. A., 
& Oerlemans, J. (2008), Large and rapid melt-induced velocity changes in the ablation zone of the 
Greenland Ice Sheet. Science, 321, 111–114. 
van de Wal, R. S., Smeets, C. J. P. P., Boot, W., Stoffelen, M., Kampen, R. Van, Doyle, S. H., & 
Wilhelms, F. (2015), Self-regulation of ice flow varies across the ablation area in south-west Greenland. 
The Cryosphere, 9, 603–611. doi: 10.5194/tc-9-603-2015. 
Vijay, S., Khan, S. A., Kusk, A., Solgaard, A. M., Moon, T., and Bjørk, A, A. (2019), Resolving Seasonal 
Ice Velocity of 45 Greenlandic Glaciers With Very High Temporal Details. Geophysical Research 
Letters, 46(3), 1485-1495. doi: 10.1029/2018GL081503. 
  
Confidential manuscript submitted to Journal of Geophysical Research: Earth Surface 
 
 
Figure 1. Study area. Background image is a Sentinel-2 false colour image (acquired on August 1st 
2018) and a hillshade generated from the Greenland Ice Mapping Project (GIMP) Digital Elevation 
Model (Howat et al., 2014). The median ice velocity during April 1st 2016 to March 31st 2018, 
based on our Sentinel-1 dataset, is overlaid. The black squares indicate the regions of interest from 
which the median ice velocity time-series in Figures 2-4 are generated. Terminus positions during 
2013-2019 are shown as coloured lines. The yellow crosses indicate the location of the CTD casts 
used in the plume modelling and the yellow star is the location of PROMICE weather station 
NUK_L. The black lines indicate the derived subglacial drainage catchments of each glacier.  
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Figure 2. Akullersuup Sermia velocity and forcings. (a) Ice velocity estimates from Sentinel-1 
(black), GoLive (green) and Landsat-8 (orange). The horizontal extent of each line indicates the 
image pair baseline. The dotted horizontal grey lines indicate the mean velocity during the month 
prior to melt onset in each year. Overlaid is a 24-day Butterworth low-pass filtered velocity 
timeseries, coloured red (blue) when it is higher (lower) than the pre-melt season speed. The 
vertical violet (grey) lines indicate times of inferred inefficient (efficient) subglacial drainage. 
Areas with no vertical lines indicate that either no images were available or that modelled 
subglacial discharge was zero. The vertical dash-dot grey lines in delimit each calendar year and 
are for visual guidance only. (b) Width-averaged terminus position in red crosses (lower values 
indicate a more retreated position). The horizontal bars indicate mélange presence: cyan sections 
indicate a ‘strong’ mélange whilst blue sections indicate transition periods, when the mélange was 
present but appeared to be weakening or reforming. (c) Modelled subglacial discharge at the 
terminus (red) and modelled surface runoff (grey). (d) Air temperature from PROMICE station 
NUK_L and the timing of key events (black cross = acceleration; red bar = positive temperature 
onset; red downward pointing triangle = melt onset; green triangle = terminus retreat onset; blue 
cross = mélange weakening; blue circle = mélange breakup). 
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Figure 3. Seasonal velocity anomalies at Akullersuup Sermia during (a) 2016, (b) 2017 and (c) 
2018. Anomalies were calculated relative to the average ice velocity between January 2015 and 
June 2019 in each region of interest. Shaded envelopes indicate the seasonal standard deviation in 
each year and at each region of interest. 
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Figure 4. Relationship between ice velocity and terminus position at (a) Akullersuup Sermia, (b) 
Narsap Sermia and (c) Kangiata Nunaata Sermia. More positive x-axis values indicate a more 
advanced terminus. Note the different scales in each plot.  
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Figure 5. Narsap Sermia velocity and forcings timeseries. Colours are the same as for Figure 2. 
Note the different Y-axis scales in compared to Figure 2. 
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Figure 6. Seasonal velocity anomalies at Narsap Sermia during (a) 2016, (b) 2017 and (c) 2018. 
Anomalies were calculated relative to the average ice velocity between January 2015 and June 
2019 in each region of interest. Shaded envelopes indicate the seasonal standard deviation in each 
year and at each region of interest. Note the different y-axis scales compared to Figure 3. 
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Figure 7. Kangiata Nunaata Sermia velocity and forcings timeseries. Colours are the same as for Figure 2. 
Note the different Y-axis scales in compared to Figure 2. Purple bracket in (a) indicates the approximate 
period of influence of the Isvand Lake drainage event.  
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Figure 8. Seasonal velocity anomalies at Kangiata Nunaata Sermia during (a) 2016, (b) 2017 and 
(c) 2018. Anomalies were calculated relative to the average ice velocity between January 2015 and 
June 2019 in each region of interest. Shaded envelopes indicate the seasonal standard deviation in 
each year and at each region of interest. Note the different y-axis scales compared to Figures 3 and 
6. 
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Figure 9. Height above flotation at KNS (a), AS (b) and NS (c). Height above flotation was 
calculated using 2 m ArcticDEM (Porter et al., 2018) strips based on WorldView imagery acquired 
on August 3rd 2015 (for panels a & b) and July 24th 2017 (for panel c) and BedMachine v3 
(Morlighem et al., 2017) fjord bathymetry. The black contours are at zero, with the solid line based 
on the bed layer within BedMachine and the dotted lines accounting for the error in BedMachine. 
Background images are Sentinel 1 amplitude images acquired on August 19th 2015 (panels a & b) 
and August 12th 2017 (panel c), to indicate the glacier terminus position close to the time of DEM 
image acquisition. 
 
